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Abstract 
The deformation behaviour of two ternary magnesium alloys, AX91 and AJ62 were investigated in compression tests. 
The samples were deformed at temperatures between 20 and 300 °C at an initial strain rate of the order of 10-5 s-1. 
The deformation stresses decrease with increasing temperature. Stress relaxation experiments were performed in 
order to reveal features of the thermally activated dislocation motion. Internal stress and strain rate sensitivity 
parameter were estimated. A decrease in the internal stress observed at elevated temperatures indicates the presence 
of recovery process (-es). A more detailed analysis of the strain rate sensitivity helped to identify the thermally 
activated processes occurring during plastic deformation. It was concluded that the deformation behaviour of the 
magnesium alloys depends on the activity of non-basal slip, which is strongly influenced by temperature. 
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1. Introduction 
The resolved shear stress, τ, necessary for the dislocation motion in the slip plane can be divided into two 
components: 
τ = τi +τ*,                                                                       (1) 
where τi is the (internal) athermal stress component resulting from long-range internal stresses impeding 
the plastic flow.  
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τi = α1Gbρt1/2 ,                                                                   (2)   
where G is the shear modulus, α1 is a constant describing interaction between dislocations, b is the 
Burgers vector of dislocations and ρt is the total dislocation density. The effective (thermal) stress, τ*, 
acts on dislocations during their thermally activated motion. The mean velocity of dislocations, vd, is 
connected with the shear plastic strain rate by the Orowan equation  
 
dm vbρ=γ                                                                      (3) 
where ρm is the mobile dislocation density. In a polycrystalline material the shear stress, τ, and its 
components, are related to the normal stress σ (applied stress) and its corresponding components by the 
Taylor orientation factor ψ: σ=ψτ and similarly for the shear plastic strain rate and strain rate: εψ=γ  .  
The most common equations used in describing the average dislocation velocity as a function of effective 
stress are: 
•  Arrhenius equation for a single activation process, where the plastic strain rate  can be expressed as: ε
  ( )[ ]kT/Gexp *0 σΔ−ε=ε  ,                                                       (4) 
where ε 0 is a pre-exponential factor containing the mobile dislocation density, the average area covered 
by the dislocations in every activation act, the dislocation Burgers vector, the vibration frequency of the 
dislocation line, and the geometric factor, kT has its usual meaning. ΔG(σ*) is the change in the Gibbs 
free enthalpy depending on the effective stress σ*= σap−σi and its simple form is 

 
ΔG(σ∗) = ΔG0 - Vσ∗ = ΔG0 - V(σ - σi).                                              (5) 
Here, ΔG0 is the Gibbs free enthalpy necessary for overcoming a short range obstacle without the stress 
(oft called the barrier activation energy) and V is the activation volume. 
.•  Equations derived as a result of direct observations of the dislocation dynamics. According to 
dislocation dynamics, the mean dislocation velocity is done by the relationship 
                                                              ( ) *m*0*0 /vv σσ= ,                                                              (6) 
where v0 and  are parameters. Using eq. (3) we may write for the strain rate ε  *0σ 
  ,                                                                   (7) ( ) *m*B σ=ε
where B includes all model parameters and m* is the stress sensitivity parameter: 
 ( )**** /lnln/lnm σ∂ε∂σ=σ∂ε∂=   .                                                (8) 
The stress relaxation (SR) technique has been demonstrated to be quite useful experimental method. After 
a specimen is deformed to a certain stress σ0 the machine is stopped and the stress decrement with time t 
is recorded. The specimen can be again reloaded to a higher stress (load) and the test may be repeated. 
The time derivative  = dσ/dt is the stress relaxation rate and σ = σ(t) is the flow stress at time t during 
the SR. Stress relaxation data are very often analysed under the assumption that the stress relaxation rate 
is proportional to the strain rate  according to [1] 
σ
ε
M/σ−=ε                                                                  (9) 
where M is the combined modulus of the specimen – machine set. Combining (3), (4) and (9), we have 
 ( )[ ]kT/VGexpM *00 σ−Δ−ε=σ−  .                                                 (10) 
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Integration of (9) results to the known Feltham equation [2] 
 
Δσ(t) = σ(0) − σ(t) = αln(βt+1) ,                                            (11) 
 
where σ(0) is the stress at the beginning of stress relaxation at time t = 0,   
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where (0) is the plastic strain rate at the beginning of the relaxation. ε
In this paper we shall use the stress relaxation tests to divide the applied stress into two components and 
to try to identify the hardening and softening processes taking place during plastic deformation. We used 
the stress relaxation technique.  
2. Experimental 
Two magnesium based alloys were used in this study: AX91 alloy (nominal composition Mg-9Al-1Ca in 
wt.%) and AJ62 (nominal composition Mg-6Al-2Sr). The alloys were not thermally treated. Samples for 
compression tests had a square cross-section of 5 mm x 5 mm and a length of 10 mm. Samples were 
deformed in an Instron 1186 testing machine over a temperature range from room temperature up to 300 
°C at a constant crosshead speed giving an initial strain rate of 3.3x10-5 s-1. The temperature in the furnace 
was kept with an accuracy of ±1 °C. Sequential stress relaxation tests were performed at increasing stress 
along a stress-strain curve. Duration of the SR was 300 s. Solving eq. (7) and using (9) we obtain for the 
effective stress σ* [3]  
( )[ ] ( ) ** m1 10m1 1*i* tt1ma −− +−=σ−σ=σ  ,                                     (13) 
 
where a and t0 are parameters, t is time during the SR test. Fit of experimental data to eq. (13) gives a 
possibility to estimate the internal stress σi. The stress sensitivity m* may be also estimated using eq. 
(12). The activation volume V is done as  
 ( ) **T* /kTm/kT/lnkTV σ=α=σ∂ε∂=   .                             (14) 
3. Results and discussion 
 
3.1. Internal stress 
Values of the applied stress and corresponding internal stress, estimated using eq. (13), are plotted against 
strain, ε, for AX91 alloy deformed at room temperature in Fig. 1 for 25 °C and 250 °C. Experimental 
points in Fig. 1 indicate the applied stress, σap, at which the SR tests were performed. From Fig. 1 it can 
be seen that the internal stress at room temperature is a substantial contribution to the applied stresses σap, 
while the internal stress estimated at 250 °C is approximately one half of the applied stress at the 
beginning of deformation and it is slightly decreasing with strain. This behaviour indicates the presence 
of dynamic recovery mechanism(-s). While the internal stress estimated at room temperature for AJ62 
alloy represents a substantial component of the applied stress, at 250 °C this component is low, less than 
50 % of the applied stress and it decreases with strain for the strains higher than 0.07. The internal stress 
depends on the dislocation density, i.e. σi ∝ ρ1/2. A decrease of the dislocation density with temperature is 
also visible from Fig. 2, where the temperature dependences of the ratio σi/σap are shown for both alloys. 
It should be noted that the values were estimated from the first SR test i.e. at the vicinity of the yield 
stress. The activity of recovery process(-es) is massive at temperatures higher than 150 °C. In the case 
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when the internal stress is approximately constant or slightly decreasing with the strain, dynamic 
equilibrium between multiplication and annihilation of dislocations may be considered.  
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Fig. 1: A part of the stress-strain curve at 25 and 
250 ºC Full symbols indicate the applied and 
empty internal stress.  
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Fig. 2: Variation of the internal/applied stress 
ratio (obtained from the first SR test) with 
temperature estimated for both alloys. 
Magnesium alloys with the hexagonal close packed structure (hcp) have the main slip system the basal 
plane (0001) with the slip direction <a> = [ 021131 ]. According to von Mises criterion, the activity of five 
independent slip systems is necessary for the compatible deformation. Then, a combination of slip 
systems of various types must be activated. Basal slip and prismatic slip in { 0110 } planes with the <a> 
Burgers vector give four independent slip systems. Five slip system is offered by the pyramidal planes 
{ 2211 } with the Burgers vector of  <a+c> = [ 321131 ] . It should be mentioned that the critical resolved 
shear stress for prismatic and/or pyramidal slip system is much higher than that for the basal slip. 
Additional complementary deformation mechanism in Mg may be the mechanical twinning.  The basal 
<a> dislocations may react with the pyramidal <a+c> dislocations according to: 
 
[ ]311231  + [ ] [0001110231 → ].                                                 (15) 
Resulting sessile <c> dislocations with the Burgers vector parallel to the c axis are not able to glide in the 
basal plane; then such dislocations constitute obstacles for moving dislocations. Twins are the second 
type of obstacles. Twinning plays an important role in plastic deformation of hcp magnesium alloys. The 
nearly constant level of the internal stress (or slightly decreasing) estimated at deformation temperatures 
higher than 150 °C indicates the presence of recovery process/-es. With increasing temperature, there is 
an increasing intensity of dynamic recovery that can be related to dislocation climb and also the activity 
in additional non-basal slip systems. <c> dislocations are not able of conservative movement in the basal 
plane but they may climb at elevated temperatures and release the primary glide.  
 
3.2 Strain rate sensitivity 
Values of the strain rate sensitivity parameter, m=1/m*, estimated using relationship (14). The strain rate 
sensitivity plotted against the applied stress is introduced in Fig. 3 for AJ62 alloy. Similar variation was 
obtained for the AX91 alloy. If we plot the strain rate sensitivity against the effective stress, σ*=σap- σi 
(Fig. 4) the experimental points, estimated for all temperatures, lie at one curve. The strain rate sensitivity 
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data were analysed using the framework of the thermal activation theory. The thermally activated process 
in a Mg polycrystal is a combination of two thermally activated processes occurring in the basal plane and 
in a non-basal plane(s). Therefore, the estimated activation volume for polycrystals is a complex 
parameter. According to the thermally activated analysis, dislocations can overcome obstacles in the basal 
slip plane at temperatures higher than the room temperature only solely by the thermal excitation. 
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Fig. 3: Strain rate sensitivity parameter depending 
on applied stress estimated for AJ62 alloy. 
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Fig. 4: Strain rate sensitivity parameter depending 
on effective stress estimated for AX91 alloy. 
 
The rate controlling thermally activated process seems to be the motion of dislocations in non-basal slip 
systems. If τc is the stress on the tip of the dislocation pile-ups in the grain boundary vicinity required to 
an activation of an accommodating or twinning system, the plastic strain rate is given by the Arrhenius 
equation  
   ( )[ kTVGexp dc00 τ−Δ−ε=ε  ] ,                                            (16) 
 where Vd is the dislocation activation volume for non-basal slip. The stress sensitivity parameter m* 
estimated in the experiment is done as 
( )( ) **cc* //lnkTkTm σσ∂τ∂τ∂ε∂=                                           (17) 
and the dislocation activation volume for the non-basal slip  
 
( Tcd /lnkTV τ∂ε∂=  )                                                    (18) 
and hence 
    ( ) a**cd** V./V.kTm σ=σ∂τ∂σ= ,                                          (19) 
where Va is an apparent (experimentally estimated activation volume), which is proportional to the 
dislocation activation volume by the relationship 
  ( )T*cda /.VV σ∂τ∂= .                                                    (20) 
The term ∂τc/∂σ* decreases with increasing temperature while the critical stress τc is proportional to the 
critical resolved shear stress for the non–basal slip. Basal dislocations, their density is certainly very high, 
are the forest dislocations for moving dislocations in the non-basal slip systems. Another parameter which 
can help to identify the main thermally activated process is the activation enthalpy ΔH = ΔG − TΔS (ΔS is 
the entropy). The activation enthalpy was estimated for various magnesium alloys to be similar in the 
narrow interval (0.95-1.00 eV) [4, 5].  
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Couret and Caillard [6, 7] studied prismatic glide and mobility of dislocations in Mg over a wide 
temperature interval. They found that deformation is controlled by thermally activated glide of screw 
dislocation segments. A single controlling mechanism was identified as the Friedel−Escaig cross slip 
mechanism. This mechanism assumes dissociated dislocations on compact planes, like (0001), that joint 
together along a critical length Lr producing double kinks on non-compact planes. We may consider the 
movement of <a> dislocations in prismatic planes or <a+c> in pyramidal planes. Mathis et al. [8] studied 
the evolution of non−basal dislocations as a function of temperature in magnesium by X−ray diffraction. 
They found a majority of <a> dislocations in the prepared state. During plastic deformation in tension the 
<a> −type dislocations remain dominant, however, the dislocation density increased by about a factor of 
three up to about 100 °C. At higher temperatures the fraction of < a+c> −type dislocations increased at 
the cost of <a> −type dislocations and the increase of the dislocation density is strongly reduced. The 
dislocation density may be reduced by the double cross slip of screw dislocation segments, which is very 
probably the main thermally activated process. On the other hand, the subsequent annihilation of cross 
slipping dislocations leads to dynamic recovery and to the observed decrease of the internal stress. The 
solute atoms do not influence significantly the moving dislocations at higher temperatures. However, at 
higher temperatures the solute atoms my diffuse to the staking fault and influence double cross slip from 
basal to non-basal planes. 
 
4. Conclusions 
 
The stress relaxation tests were performed during compression experiments at various temperatures with 
the aim to reveal the main features of the plastic deformation mechanisms. The complex analysis of the 
stress relaxation curves showed: 
 the internal stress decreases with increasing deformation temperature; 
 the strain rate sensitivity parameter increases with increasing applied stress and temperature; 
 the values of the strain rate sensitivity depending on the effective stress lie on one curve; 
 the main thermally activated process operating in the temperature interval from 23 to 300 °C, is 
very probably the glide of dislocations in the non–compact planes, 
 the annihilation of cross slipping dislocations is very probably the main recovery process 
decreasing the internal stress. 
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